Abstract: Terahertz spectra of four alanine-rich peptides with known secondary structures were studied by terahertz time domain spectroscopy (THz-TDS) and by Fourier transform infrared spectroscopy (FTIR) using a synchrotron light source and a liquid-helium cooled bolometer. At ambient temperatures the usable bandwidth was restricted to 0.2-1.5 THz by the absorbance of water. The existence of a solvation shell around the peptide in solution was observed and its size estimated to be between 11 and 17 Å. By cooling the peptide solution to 80 K in order to reduce the water absorbance the bandwidth was increased to 0.1-3.0 THz for both THz-TDS and FTIR. Spectra were consistent with monotonic absorbance of the peptide and the existence of a solid amorphous low density solvation shell. Growth 21(2), 267-276 (1974). 37. R. J. Falconer, H. A. Zakaria, Y. Y. Fan, A. P. Bradley, and A. P. J. Middelberg, "Far-infrared spectroscopy of protein higher-order structures," Appl. Spectrosc. 64(11), 1259-1264 (2010).
Introduction
There is ongoing interest in developing analytical techniques that provide information pertaining to the structure of macromolecules such as proteins. The measurement of longrange low-energy molecular motions within a macromolecule provides a potential route to structural understanding. The advent of terahertz time-domain spectroscopy (THz-TDS) provides an opportunity to study the absorbance of low-energy photons [1] . THz-TDS has been proven to be effective at the recognition of organic and inorganic crystals which display strong intermolecular modes at discrete frequencies, reported as phonon-like resonances [2, 3] . The application of THz-TDS to biomacromolecules has been limited, and there is scope to better understand their behavior in this part of the spectrum. Early theoretical studies have predicted that proteins have vibrational resonance in the far infrared frequency range [4, 5] .
Recently, there is increasing interest in applying THz-TDS to biological samples. Examples of the materials studied include amino acids [6, 7] , proteins in solution [8] , protein in a gel state [9] and the solvation shell around protein molecules [10] . While this is a promising approach from a spectroscopic perspective, studies in this field have been limited by the lack of benchmark spectra and restricted by the absorbance properties of water that occur across part of THz-TDS range. Recent studies of proteins in an aqueous environment at terahertz frequencies can be broadly divided into two categories: studies carried out at room temperatures [11] [12] [13] and investigations of frozen samples with reduced background absorption due to bulk water in the sample [14, 15] . In addition to THz-TDS and Fourier transform infrared spectroscopy (FTIR) it is also possible to use a high power terahertz source such as a p-Ge laser to study samples at specific frequencies in the range of 2.1-2.8 THz [16] . By analyzing the nonlinear relationship between solute concentration and the terahertz absorption, this technique provides insight into the interaction between proteins and water, as allowing investigation of so-called biological water or the solvation shell. In THz-TDS studies of frozen protein samples, ice exhibits a low absorbance below 2 THz. By using a high protein concentration (up to 40% by weight) a protein spectrum can be acquired over the range of 0.2-2.0 THz. Through variable temperature measurements researchers were able to detect a so-called protein dynamical transition at around 200 K [14] . The transition is thought to be due to a change in rigidity of the biological water that constrains the motion of the protein molecule.
In this study we analyzed a series of peptides. Peptides are polymers of amino acids and are small versions of proteins. They have the advantage that relatively easily defined structures can be built into their design. We used three synthesized alanine-based peptides [17] which were chemically very similar but differ considerably in their secondary structure ( Table 1 ). The peptide AK17 has an alpha helical (spiral) structure, which was reduced in AK10G and nearly eliminated in AK9P. A THz-TD spectrometer was used to measure each peptide sample in solution at both room temperature and at 79 ± 1 K. In addition, a FTIR spectrometer with a liquid-helium-cooled bolometer and a synchrotron light source was used to verify the THz-TD data. The aim of this work is to contribute understanding on sample preparation for analysis in the terahertz range, and open up the method for detection of protein structural elements of proteins and peptides in the terahertz domain.
Experimental details

Sample preparation
Three alanine-rich peptides were chemically synthesized with higher than 95% purity (Mimotopes, Clayton, Australia). The amino acid sequences of these three peptides (AK17, AK10G and AK9P) are provided in Table 1 . AK17 is an alanine-rich peptide made from seventeen amino acids with four lysine residues. AK10G differed from AK17 by one glycine residue that was substituted at the 10th position. AK9P differed from AK17 by one proline residue that was substituted at the 9th position. In addition, a peptide named AQ17 was synthesized with purity higher than 95% (Genscript, Piscataway, NJ, USA). AQ17 was an alanine-based peptide made from seventeen amino acids with four glutamine residues (Table1). Two solutions were used in this study: a) 100 mM potassium fluoride 1 mM potassium phosphate buffer, pH7 (KF buffer); b) 10 mM phosphate buffer, pH 7.4 (Phosphate buffer). The secondary structures of the peptides were measured by circular dichroism spectroscopy using KF buffer and the percentage of helicity was estimated from the θ 222 value ( Table 1 ). The peptide was dissolved in buffer for spectroscopic measurement, at concentrations between 3.125 mM and 50 mM. Figure 1 shows a schematic plot of the terahertz time-domain spectroscopy (THz-TDS) arrangement used in experiments. A Ti:sapphire laser (Femtosource cM1, Femtolasers, Vienna, Austria: 500 mW; wavelength range: 650-950 nm) was pumped by a Millenia Xs continuous-wave laser (Spectra Physics: Mountain View, USA, 6 W output power, 532 nm) to produce 12 fs laser pulses centred at approximately 800 nm (bandwidth >100 nm) at a repetition rate of 80 MHz. This laser beam was split into a pump beam (99% power) and a probe beam (1% power) that were used to generate and detect terahertz radiation, respectively. The pump beam was focused onto a DC-biased semi-insulating LT-GaAs emitter to generate sub-picosecond coherent pulses of broadband terahertz radiation (0.1 -4.0 THz, 3-133 cm 1 ) by photoexcitation. The terahertz beam reflected from the emitter surface was then collimated and focused onto the sample using a pair of parabolic mirrors. The transmitted terahertz signal was detected via electrooptic sampling using a ZnTe crystal. Time-domain spectra were collected by employing a 50 ps optical delay, oscillating at a frequency of 0.5 Hz. To control the sample temperature, a custom made copper cold finger was fitted to a modified continuous flow cryostat (Janis ST-FTIR, Berkeley, CA, USA). The shroud of the cryostat was removed and the cold finger was fitted directly into the sample compartment, which was evacuated to 15 mbar (PT70 F-Compact, Oerlikon-Leybold, Cologne, Germany). The cold finger was fitted with three holes of 8 mm diameter each. To hold the liquid sample a PE window and a 270 µm thick spacer were mounted onto the cold finger. 16 µl liquid sample was placed between the two PE windows and spread while tightening the windows between the spacer using screws and a further plate of copper with an aperture. Excess liquid was wiped off after filling the sample cells. The cryostat was then fitted into the sample compartment, the sample compartment was evacuated and using an evacuated transfer tube the cryostat was connected with a liquid nitrogen Dewar. The cooling rate of the cold finger was adjusted by controlling the flow of nitrogen into the transfer tube, and in turn the pressure of nitrogen in the Dewar, by a needle valve. Samples were cooled to 79 ± 1 K and then heated to room temperature. Spectra were acquired after an equilibration time of 15 min. For each run one peptide sample, a reference buffer sample without peptide and an empty cell without spacer were mounted on the cold finger. The temperature of the cold finger was controlled using a temperature controller (331S, Lake Shore, Westerville, OH, USA). Using a motorized stage it was possible to swap between the different samples during the experiment and timedomain waveforms were acquired for all samples. For each measurement, 200 time-domain waveforms were collected, averaged and then transformed into the frequency domain by fast Fourier transform (FFT). A cut-off time of 20 ~40 ps was used for the FFT to prevent etalon artifacts due to multiple reflections, resulting in a spectral resolution of about 30 GHz (1 cm 1 ).
Terahertz time-domain spectroscopy
Far infrared Spectroscopy using a Synchrotron Light Source
Far infrared Spectroscopic measurements were performed on the far infrared and high resolution FTIR beamline at the Australian Synchrotron (Clayton, Victoria) operating at 3 GeV and a maximum current of 200 mA. The beam dimension was 480 micron (horizontal) by 13 micron (vertical), the opening angle collected was 50 mrad (horizontal) by 16 mrad (vertical). The beam was a converging source close to a point. 16 µl liquid sample was placed between the two polypropylene (PP) windows and spread while tightening the windows between the spacer using screws and a further plate of copper with an aperture. To hold the liquid sample a PP window and a 270 µm thick spacer were mounted onto the cold finger. The sample was mounted in a Janis ST-100FTIR cryostat (Wilmington, MA, USA) with a similar cold finger configuration to that used for the THz-TDS analysis and cooled with liquid nitrogen to 78 K. The temperature of the cold finger was measured using a temperature controller (331S, Lake Shore, Westerville, OH, USA). Transmission spectra were recorded using the Bruker IFS 125HR Fourier Transform Infrared spectrometer (Bruker Optics, Ettlingen, Germany) fitted with a 6 μm Mylar multilayer beam splitter, scanner velocity of 40 kHz, and a liquid helium-cooled Si bolometer detector with aperture setting of 4 mm. Each spectrum was an average of 26 scans recorded with the maximum frequency limit of 21.0 THz (700 cm 1 ) and at a resolution of 7.5 GHz (0.25 cm 1 ). To eliminate the etalon effect due to reflection of the measurement cell, a Tukey window with apodisation function [18] was applied to all interferograms prior to FFT.
Computer modeling for excluded volume of peptide
The solvent excluded volume is the volume of space from which solvent molecule is excluded by the presence of the biomolecules. To model the excluded volume of each peptide molecule, classical molecular dynamics simulations were performed with the GROMACS 3.3.2 software [19] . The AK17, AK10G and AK9P molecules were initially modeled as alpha helix conformations by restricting the Phi and Psi angles. These peptides were dissolved in a simulation box of 1.2 nm in each dimension and the SPC (single point charge, 3-point) water model was used. GROMOS 45A3 force field was used and 6 ns of simulation were performed under NPT conditions (number of particles (N), system pressure (P) and temperature (T) held constant) for each peptide. Energy minimization was performed on the peptides using a steepest-descent algorithm with a tolerance of 0.01. The time evolution of their momentary positions and velocities (the trajectory) were calculated by iteratively integrating Newton's equations of motion. The conformation was determined at the end of the simulation and the water exclusion was then determined [17] . For each peptide molecule, the radius of gyration (R g ) was estimated in GROMACS, the excluded water volume (V excluded ) per peptide molecule was then calculated according to Eq. (1). 
The proportion of water excluded (P excluded ) in a solution with given concentration was then calculated using Eq. (2).
where N solute is the number of peptide molecules within a solution volume (V solution ). According to Beer-Lambert's law, absorbance is directly proportional to the thickness of the sample. The absorbance of the sample that is corrected to take the excluded volume into account (A excluded ) is calculated from the absorbance of the buffer (A buffer ) by Eq. (3). 
Estimating the thickness of the solvation shell
The genbox program in GROMACS 3.3.2 software was also used to estimate the thickness of the peptide solvation shell. The conformation of the three peptides at the end of the simulation used to estimate V excluded was used as an initial condition. To estimate the thickness of the solvation shell, the number of water molecules per peptide molecule was estimated for the peptide concentration at the point of inflection in the graph of relative absorbance versus peptide concentration. By thus constraining the thickness of the water layer in each dimension, SPC water was placed around a peptide molecule with no bias and the water layers corresponding to each peptide concentration were constructed and the apparent thickness of the solvation shell obtained. 
Results and discussion
Room temperature measurement
THz-TDS measurements were performed for the three alanine-rich peptides (AK17, AK10G and AK9P). The peptides were dissolved in KF buffer at concentrations of 12.5 mM, 25 mM and 50 mM and the measurements were carried out at room temperature (293 K). Due to the strong absorbance of water in this frequency range, the bandwidth of the resulting spectra was restricted to 0.2-1.5 THz. For all three peptides we observed a monotonic increase in absorbance with increasing frequency. No distinct absorption bands were observed (Fig. 2) . Absorbance across the whole spectral range was lower for the samples with buffer containing peptide than for the blank buffer samples. This was consistent for all samples tested and can be explained by volume exclusion of water molecules by the peptide molecules. The peptide molecules displace the more strongly absorbing water molecules and hence a lower overall absorbance is observed. The volume exclusion effect of the peptides was simulated using molecular modeling. In a two-component scenario (neglecting biological water), where only peptide and bulk water are considered, the volume excluded by solute was estimated by calculating the surface radius per peptide molecule [20] ( Table 1 ). The absorbance of this excluded volume model was calculated using Eqs. (2) and 3. The calculated effect of volume exclusion on absorbance is shown as the black dotted line in Fig. 2 . The experimentallymeasured absorbance of the peptide solution was consistently lower than that of buffer, even after correcting for peptide volume exclusion as outlined above. This finding indicates that the observed reduction in total absorbance due to the presence of the peptide cannot be fully explained only by the volume exclusion effect. To further investigate this effect the mean absorbance in the range of 0.2-1.5 THz was calculated using Eq. (4), normalized to buffer and plotted over the entire concentration range (Fig. 3) . This was undertaken for both experimental results and the results calculated using the excluded volume model. The excluded volume model predicted a linear decrease in mean absorbance with increasing peptide concentration (Fig. 3) . This was in contrast to the experimental results where the strong initial decrease in absorbance was followed by a plateau commencing at 25 mM for AK17 and AK9P, and at 12.5 mM for AK10G). At the highest peptide concentration of 50 mM, both the experimental and the predicted absorbance are in agreement. We concluded that the volume exclusion effect can largely explain the decrease in absorbance at 50 mM peptide concentration. At lower peptide concentrations, the volume exclusion effect was less dominant, and bulk water was present in addition to the water molecules that form the peptide's solvation shell. The initial decrease in absorbance is thus a combination of two effects, the volume exclusion of the peptide and the solvation shell associated with the peptide, which has different absorbance compared to bulk water. Similar absorbance change attributed to the biological water around protein molecules has been recently reported elsewhere [10, 20] . Arikawa et al. reported a lower absorption coefficient for biological water around a sugar molecule compared to bulk water, using terahertz attenuated total reflection spectroscopy [21] . Mashimo et al. used time-domain reflectometry to observe the relaxation motion of water in a solvation shell occurred on a time scale of nanoseconds or microseconds [22] , which was much slower than the relaxation motion of bulk water (approx. 8 picoseconds orientational relaxation time). Our observation at around 1 THz of a decreased absorbance due to an increase in the biological water population agrees with these previous studies. As the peptide concentration was increased it was possible to observe a slower rate of decrease in absorbance, which suggests the onset of overlap in the peptide solvation shells. We propose that the solvation shells of the peptide molecules start to significantly overlap at 25 mM peptide concentration for AK17 and AK9P, and at 12.5 mM for AK10G, consistent with the observed plateau onset. Using computational modeling described in the methods section, we determined the apparent solvation shell thickness to be between 10.8, 17.3 and 11.2 Å for the peptides AK17, AK10G and AK9P (Table 1 ). Figure 4 illustrates that the three peptides adopt stable conformations after 5 ns of simulation. The final conformations showed that AK10G had a structure that was more spherical than AK17 and AK9P, which were more ellipsoid, consistent with AK17 having the lowest radius of gyration ( Table 1 ). The packing density of spherical objects is lower than that of ellipsoid objects [23] which may in part account for differences in the apparent solvation shell thicknesses. The apparent solvation shell thickness of the peptides are bound by the approx. 5 Å value proposed for a carbohydrate molecule [24] and 20 Å suggested for a protein molecule [10] . While our results were dependent on the errors associated with the estimation of the point of inflection in the THz-TDS measurements of peptide solution absorbance versus concentration to indicated overlap of the solvation shells they do demonstrate that peptide-water interactions can be studied at terahertz frequencies at room temperature. NA NA NA NA * Calculated from the excluded volume as described in method section. **The method for calculating the apparent thickness of water around a peptide molecule from the experimental data assuming the inflection point for AK17 and AK9P is 25 mM, and AK10G is 12.5 mM (see Fig. 3 ). 
Low temperature measurement using a THz-TDS and a FTIR setup
In an attempt to directly measure the dielectric properties of peptide molecules in an aqueous environment, we cooled the samples using liquid nitrogen to 79 ± 1 K. At 79 K the absorbance of water was much lower than at room temperature and hence a usable spectral bandwidth of 0.1-3 THz was achieved using the same THz-TDS spectrometer. The low overall absorbance of ice in the far infrared range was consistent with that previously reported [25] . The absorption spectra of all three peptides in KF buffer are shown in Fig. 5 . We observed very low absorbance for the frequency range of 0.1-1 THz in all samples. At frequencies greater than 1 THz the absorbance spectra of peptide and buffer monotonically increased with frequency. Figure 5D outlines the concentration dependence of the three peptides, showing that at concentrations lower than 12.5 mM, a drop in absorbance relative to buffer was observed for all three peptides. In contrast to observations at room temperature, the absorbance increased monotonically with peptide concentration beyond 12.5 mM (Fig. 5D) . No specific spectral features were observed for the peptide solution in buffer, while the spectra of the KF buffer exhibited absorbance peaks at 1.66, 2.32 and 2.64 THz, (shown by arrows in Fig. 6A ) which are characteristic for crystalline KF dihydrate that forms in the KF buffer upon freezing [26] . In addition to the THz-TDS measurement, a FTIR spectrometer using synchrotron radiation was used to replicate the same set of measurements. Using the FTIR spectrometer a bandwidth of 1 to 15 THz could be studied, thus making this setup a very useful complementary technique to THz-TDS. However, for measurement of the samples in this study the bandwidth was restricted by a strong ice absorption peak with a maxima at approx. 7 THz, hence the resulting absorption spectra has a usable bandwidth of 1-4 THz before exceeding the dynamic range of the instrument. As shown in Fig. 6 , THz-TD spectra and FTIR spectra are in good agreement, demonstrating that results from these two experimental setups were reproducible and complementary. Both methods confirmed the formation of KF dihydrate crystals in the KF buffer upon freezing of the sample. The presence of peptide inhibited the crystallization of KF dihydrate (Fig. 6) , which again was also observed using both THz-TDS and FTIR. While we focused in analyzing spectra with respect to peptiderelated dynamics, one should not overlook the absorption effect of KF salt crystals. To address this issue, we substituted the KF buffer with a low concentration phosphate buffer, which does not possess measurable phonon-like resonance in the 0.1-4 THz region under our experimental conditions. This finding was further confirmed with the absence of an absorption peaks at 3.44 THz reported in previous studies [27] indicating that the phosphate salts did not crystallize as the samples were frozen. Shown in Fig. 7 , the same monotonic increase in absorbance with peptide concentration was obtained and we concluded this trend was independent of the existence of salt crystals. In addition to the absorption peaks of KF dihydrate crystals identified earlier, a peak centered at 3.18 THz was observed in the FTIR measurement. Its absorption peak shifted by ~0.1 THz when water was substituted with deuterium oxide in the experiment (data not shown) providing strong evidence that this was an ice related absorption peak. Prior to this study the absorption spectra of dried homopolymer peptides have been studied using FTIR with a synchrotron light source. A monotonic increase in absorbance with increasing frequency between 1.8 and 10.5 THz has been observed [28] . Other THz-TDS studies of hen egg white lysozyme prepared as concentrated aqueous samples also demonstrated a monotonic increase in absorbance with increasing frequency 0.2-2 THz at a temperature range of 160-250 K [14] . In our research we were able to measure spectra of peptides in an aqueous environment from 0.1 to up to 4 THz. We observed that the absorption of the peptide molecules was higher than water absorbance at 79 K and that a monotonic increase in absorbance with increasing frequency and increasing peptide concentration was observable. For both THz-TDS and FTIR measurements, absorbance initially dropped as the concentration of the peptide was increased (to 12.5 mM). This can be explained with regard to the population of biological water. It is known that ice crystal formation is suppressed next to the surface of biomolecules as the water in the solvation shell remains liquid as the bulk water freezes [29] . A recent study of the solvation shell around proteins suggested that a fragile (high density liquid) to strong (low density liquid) transition occurs at approximately 220 K [14, 30] . The solvation shell may form a low-density amorphous ice below 220 K, which leads to a lower absorption compared to the crystalline ice formed from bulk water and likely accounts for the drop in absorbance we observe at low peptide concentrations, as shown in Fig. 5 . At higher peptide concentrations, the solvation shells may overlap as described in section 3.1, the influence of solvation shell on the overall absorbance plateau and peptide dynamics are a major driving force for the monotonic increase in absorbance with increasing peptide concentration. These data indicate that it is feasible to analyze the absorbance of peptides in ice at low temperature. Structural-specific changes in absorbance could not be observed among the three peptides under investigation. This is in contradiction to the low temperature absorption measurements of native and denatured egg white lysozyme [14] . It should be noted that the role of the solvation shell has to be considered even at low temperatures, although its dimensions in the frozen state are not known.
Applicability of THz-TDS to study low temperature liquid samples
Biological samples often contain a high level of ionic components such as salts or small molecular weight organic molecules. As mentioned in section 3.2, salt crystal formation resulting from the freezing process can introduce unwanted effects in absorbance spectra. For this reason, we further investigate the mechanism of salt crystal formation, as well as the peptide-related inhibitory effects using the synchrotron FTIR setup. In addition to the three positively charged peptides (AK17, AK10G and AK9P), a neutral peptide AQ17 was also synthesized and tested. Four solute concentrations (3.125 mM, 6.25 mM, 12.5 mM and 25 mM) were examined for all four peptides and the peak height of the strongest KF dihydrate phonon-like resonance peak in our spectral range at 2.64 THz was quantified. The results shown in Fig. 8 demonstrate a progressive extinction of the KF crystal peak resonance with increasing peptide concentration. It has previously been demonstrated that THz-TDS is capable of detecting subtle crystal transformations in the solid state [31] [32] [33] . From a method development perspective, the existence of inorganic crystals in association with certain buffer is of great importance. This phenomenon is largely driven by the relationship between salt solubility and temperature. When 0.1 M of KF buffer was frozen in liquid nitrogen, ice crystals started to form at temperatures above the eutectic point of KF. The KF ions were concentrated into the unfrozen liquid between the growing ice crystals, reaching super-saturation where homogeneous nucleation could proceed. In all of our measurements, it was evident that the formation of KF crystals was disrupted by the presence of the four different 17 amino acid peptide molecules. We observed a very similar concentration-dependence of the inhibition with all four peptides tested. The three charged lysine-containing peptides (AK17, AK10G and AK9P) exhibited similar profiles in inhibiting KF crystal formation. The secondary structure difference among the three lysine-containing peptides did not affect the profile significantly, suggesting the peptide-KF interaction was not peptide structure-specific. In contrast, the weaker salt-crystal inhibition displayed by the uncharged peptide (AQ17) suggested a probable role of electrostatic interactions in this process. It is intrinsically difficult to separate the inhibition of nucleation from that of crystal growth. Other techniques, for example synchrotron X-ray diffraction [34] , are required to complement the results observed by vibrational spectroscopy. According to studies of the Hofmeister series [35] , fluoride ions typically only interact indirectly with biomolecules via intervening water molecules. Therefore, the presence of 12.5 mM net positive ( + 4) charged peptides will not dramatically lower the availability of fluoride ion in free solution and thus is not likely to be the main driving force in reducing crystallization. A measurement was also performed on a 0.05 mM KF solution and crystal signals were detected in the resulting spectrum (data not shown). On the basis of a progressive inhibition effect observed in all peptides, this phenomenon could be explained in the context of crystal growth. In an early study on a biogenic crystal [36] it has been proposed that an interfacial reaction, rather than transportation of the ion, is the rate controlling mechanism of crystal growth. More specifically, inhibitors of crystallization block the free access of constituent ions by adsorption at the crystal-solution interface. Although speculative, the difference in the crystal inhibition capability between charged and neutral peptides could be due to the variation in electrostatic complementarity with the KF crystal growing faces, while polypeptide-interfacial properties also play an important role.
Sample preparation is important when undertaking analysis of biological samples in the THz and far infrared part of the spectrum [37] . Phonon-like resonances due to salt crystal formation in biological samples can be misinterpreted as features associated with the molecule being studied. In many cases this can be overcome by careful choice of buffer. If sample preparation issues are resolved THz-TDS has the potential to be a powerful and sensitive technique for studying absorbance of biological materials in the THz part of the spectrum at low temperature where water absorbance is reduced.
Conclusion
The usefulness of analysis of peptide solutions using THz-TDS at room temperature was restricted by the relatively high absorbance of water compared to the peptide. Analysis of peptide samples in an aqueous environment at room temperature did not enable measurement of the peptide's absorbance. Freezing of the sample radically reduced absorbance due to water but introduced additional considerations. Distinct phonon resonances for the peptides studied here were not detected, even though the peptides had very different secondary structure. Overall absorbance of a peptide solution is, however, sensitive to peptide concentration as this affects both the excluded volume of solvent and extent of overlap of solvations shells. THz-TDS and FTIR appear to be able to probe both of these aspects of solvated biomolecules. Most aqueous environments include salts and small organic molecules that can crystallize during freezing to produce discrete phonon-like resonances, allowing salt crystallization the presence of biomolecules to be studied. However, if detecting the absorbance spectrum between 0.1 and 3.0 THz (3.3-100 cm 1 ) of the macromolecule is the desired outcome, the low molecular weight material has to be excluded from the sample. In this paper, the interaction between peptide and KF, and the effect on KF crystallization during freezing was studied. This approach may prove to be useful for researchers studying crystallization during lyophilization, a procedure important to the pharmaceutical industry, particularly given the apparent sensitivity to biological water. 
